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Double mesoporous core–shell silica
nanospheres
Immobilization
Background: Cyclodextrin glucanotransferase (CGTase) from Amphibacillus sp. NPST-10 was covalently
immobilized onto amino-functionalized magnetic double mesoporous core–shell silica nanospheres
(mag@d-SiO2@m-SiO2-NH2), and the properties of the immobilized enzyme were investigated. The
synthesis process of the nanospheres included preparing core magnetic magnetite (Fe3O4)
nanoparticles, coating the Fe3O4 with a dense silica layer, followed by further coating with
functionalized or non-functionalized mesoporous silica shell. The structure of the synthesized
nanospheres was characterized using TEM, XRD, and FT-IR analyses. CGTase was immobilized onto the
functionalized and non-functionalized nanospheres by covalent attachment and physical adsorption.
Results: The results indicated that the enzyme immobilization by covalent attachment onto the activated
mag@d-SiO2@m-SiO2-NH2, prepared using anionic surfactant, showed highest immobilization yield
(98.1%), loading efﬁciency (96.2%), and loading capacity 58 µg protein [CGTase]/mg [nanoparticles])
which were among the highest yields reported so far for CGTase. Compared with the free enzyme, the
immobilized CGTase demonstrated a shift in the optimal temperature from 50°C to 50–55°C, and showed a
signiﬁcant enhancement in the enzyme thermal stability. The optimum pH values for the activity of the free and
immobilized CGTase were pH 8 and pH 8.5, respectively, and there was a signiﬁcant improvement in pH stability
of the immobilized enzyme. Moreover, the immobilized CGTase exhibited good operational stability, retaining
56% of the initial activity after reutilizations of ten successive cycles.
Conclusion: The enhancement of CGTase properties upon immobilization suggested that the applied
nano-structured carriers and immobilization protocol are promising approach for industrial bioprocess
for production of cyclodextrins using immobilized CGTase.© 2014 Pontiﬁcia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Cyclodextrin glycosyltransferases (CGTases) (EC 2.4.1.19)
represent one of the most important group of microbial amylolytic
enzymes catalyzing four different reactions: cyclization, coupling,
disproportionation, and hydrolysis reactions [1,2]. CGTases areicrobiology, College of Science,
d Católica de Valparaíso.
evier
alparaíso. Production and hosting bused mainly for commercial production of cyclodextrins (CDs)
that are produced as a result of intramolecular transglycosylation
(cyclization) reaction from degradation of starch and related sugars
by CGTase [3]. CDs are of three main types: α-, β-, and γ-cyclodextrin
that composed of six, seven, and eight α-(1,4) linked glucose units,
respectively [4].
The arrangement of glucose units in a CD molecule results in the
shape of a hollow truncated cone with a hydrophilic external surface
and a hydrophobic internal cavity which enables CDs to form versatile
inclusion complexes with many organic and inorganic substances.
Inclusion of the guest compound in CD molecules can lead to favorable
changes in chemical and physical properties of the guest molecules
[5,6]. Therefore, CDs are mainly used as complexing agents in food,
pharmaceutical, and cosmetic industries [3]. Hence, there is increasing
interest in developing efﬁcient industrial bioprocesses of CD production
for addressing applications in various industries.y Elsevier B.V. Open access under CC BY-NC-ND license.
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bioprocesses due to its impact on process cost and economics.
Reduced biocatalyst stability results in longer reaction times, lower
product yields and increased frequency of catalyst replacement [2].
Enzyme immobilization on solid supports is one of the most useful
approaches to overcome such difﬁculties [7,8]. Application of
immobilized enzymes in bioprocesses can offer several advantages
over the free enzyme such as improved enzyme stability, reusability
of the enzyme, simplifying product puriﬁcation process, better
control of the operation, and providing opportunities for scaling up
[9,10]. In this regards, recent advance in nanostructured materials
technology has provided a wealth of diverse nanoscaffolds that
could potentially support enzymes immobilization [11]. Nanoscale
materials provide the upper limits in balancing the key factors that
determine the efﬁciency of biocatalysts, including surface area/volume
ratio,mass transfer resistance, and effective enzyme loading [12]. Unlike
sol–gel silica, mesoporous silica (MPS) nanoparticles provide tuneable
and uniform pore system, functionalizable surfaces, and restricted
nanospaces for enzymes immobilization [13]. Moreover, MPS materials
show biocompatibility, low cytotoxicity, large surface areas, and easy
functionalization that allow enzyme immobilization by various methods
including physical adsorption, electrostatic interaction, and covalentFig. 1. The scheme used for synthesis of non-functionalized and functionalized magnetic core
immobilization. Structure nos. 1, 2, and 3 were used for CGTase immobilization by physical ad
prepared using anionic or cationic surfactants; no. 3 mag@d-SiO2@m-SiO2-C2H5; no. 4: Activa
immobilized CGTase.attachment [14,15,16]. Moreover, it was recognized that the rigid
structure and pore surface of functionalized MPS could mimic protein
skeleton where the active sites are held stably with a ﬁxed conﬁguration
to carry out the presumed enzymatic functions with good turnover
efﬁciency [15]. Furthermore, the recent developments in silica
core/shell structure, consisting of dense silica core coated with
mesoporous silica shell, fabrication are responsible for signiﬁcant
progress in technological applications [17].
CGTases have been previously immobilized on traditional
macro-carriers, however there are rare, if any, reports about
CGTase immobilization on nanostructured materials [2,10,18]. In the
present study, CGTase from recently isolated alkaliphilic Amphibacillus
sp. NPST-10 [19] was immobilized onto magnetic silica core/shell
nanospheres. As shown in Fig. 1, the synthesis process of the nanospheres
included (i) synthesis of core magnetic magnetite (Fe3O4) nanoparticles;
(ii) coating of the Fe3O4 with dense silica layer; (iii) further coating with
functionalized and non-functionalized mesoporous silica shell; and (vi)
activation of the functionalized magnetic silica core/shell nanospheres.
CGTase was immobilized onto the synthesized magnetic silica core/
shell nanospheres by physical adsorption and covalent attachment
(Fig. 1). Subsequently, the properties of immobilized enzyme were
evaluated compared with the free enzyme.@dense SiO2@mesoporous SiO2 nanospheres followed by support activation and CGTase
sorption. Structure no. 1: mag@d-SiO2@m-SiO2; nos. 2 and 2a: mag@d-SiO2@m-SiO2-NH2
ted mag@d-SiO2@m-SiO2-NH2 using glutaraldehyde as cross linker; and no. 5: covalently
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2.1. CGTase production
CGTase producing alkaliphilic Amphibacillus sp. NPST-10 used in this
study was recently isolated from hypersaline Soda Lakes, located in
Wadi Natrun valley in northern Egypt [19]. For CGTase production,
colonies of Amphibacillus sp. NPST-10 culture was transferred from an
agar plate to 500 ml Erlenmeyer ﬂasks containing 100 ml of alkaline
production liquid medium, and incubated overnight at 50°C with
shaking (150 rpm). This culture was used to inoculate (2.5%, v/v) 1 l
Erlenmeyer ﬂask containing 250ml of the samemedium and incubated
at the same condition for approximately 36 h. The enzyme production
alkaline medium (pH 10) contained soluble starch (15 g/l, Merck),
yeast extract (6 g/l, Difco), peptone (6 g/l), NaCl (30 g/l, Sigma),
Na2CO3 (15 g/l, Merck), CaCl2 (5 mM, Merck), and 300 μl of trace
elements solution [19]. At the end of incubation period, cells and
insoluble materials were removed by centrifugation at 6000 × g for
15 min at 4°C, and cell-free supernatant was used as a source of
the crude enzyme.
2.2. CGTase partial puriﬁcation
Amphibacillus sp. NPST-10 CGTase puriﬁcation was carried out
through adsorption of the crude CGTase to insoluble corn starch
(Merck) followed by enzyme elution using β-CD solution [20]. Brieﬂy,
corn starch and ammonium sulfate (Sigma) were added to 1 l of
cell-free supernatant at ﬁnal concentrations of 5% (w/v) and 1 M,
respectively. The mixture was maintained at 4°C with continuous
gentle agitation for 1 h to allow the CGTase binding to the starch.
Next, the mixture was centrifuged at 5000 × g for 10 min and the
starch pellet was washed twice with cold ammonium sulfate
solution (1 M) to remove any unbound proteins. The adsorbed
CGTase was eluted from the corn starch by incubating the pellet
in 200 ml of Tris–HCl buffer (50 mM, pH 8.0, Sigma) containing
β-CD (1 mM) for 30 min at 37°C with shaking, followed by
centrifugation at 5000 × g for 10 min. The elution step was repeated
once with 100 ml of the same β-CD solution, and the eluates were
pooled (300 ml) and dialyzed (MWCO 12 kDa, Sigma) against the
same buffer at 4°C. The eluate was concentrated using an Amicon
ultraﬁltration membrane kit (10 kDa cut-off membrane, Millipore)
and stored at -20°C until use.
2.3. Preparation of magnetic double mesoporous core–shell silica
nanospheres
The scheme used for synthesis of non-functionalized and
functionalized magnetic double mesoporous core–shell silica
(mag core@dense SiO2@mesoporous SiO2) nanospheres is
shown in Fig. 1, which included (i) synthesis of core magnetic
magnetite (Fe3O4) nanoparticles; (ii) coating of the Fe3O4 with
dense silica layer; and (iii) further coating with functionalized
and non-functionalized mesoporous silica shell.
2.4. Synthesis of magnetic Fe3O4 nanoparticle
The magnetic magnetite (Fe3O4) nanoparticles were prepared using
the solvothermal synthesis reaction in accordance with Deng et al. [17],
with some modiﬁcations. Brieﬂy, FeCl3 × 6H2O (1.35 g, 5 mmol) was
dissolved in ethylene glycol (40 ml, Sigma) to form a clear solution,
followed by the addition of polyethylene glycol (1.0 g, Sigma), and
sodium acetate (3.6 g, Merck) as a stabilizing agent. The mixture was
stirred vigorously for 30 min and sealed in a Teﬂon-lined stainless-steel
autoclave (50 ml capacity). The autoclave was heated to 190°C for 18
h, allowed to cool to room temperature, and the black products were
washed several times with ethanol and dried at 60°C for 6 h.2.5. Dense silica coating for Fe3O4
Themagnetic Fe3O4 nanoparticles (prepared above)wereﬁrst coated
with dense silica layer to prevent iron oxide cores from leaching into the
mother systemunder any acidic circumstances [17]. Brieﬂy, 3ml of Fe3O4
(0.88 g Fe3O4/90 ml ethanol) nanoparticles (~50 nm in diameter) was
dispersed in the mixture of ethanol (30 ml), deionized water (2.6 ml),
and concentrated ammonia aqueous solution (1.2 ml), followed by the
addition of tetraethyl orthosilicate (TEOS, 0.5 ml, Sigma). After stirring
at room temperature for 75 min (0.1 ml/15 min), the silica coated
Fe3O4 nanospheres were separated using an external magnetic ﬁeld,
and washed with ethanol and water.
2.6. Non-functionalized magnetic silica core/shell nanospheres
Non-functionalized magnetic core@dense SiO2@mesoporous SiO2
shell (mag@d-SiO2@m-SiO2) nanospheres were prepared as follows.
In solution A, 0.3 g cetyltrimethylammonium bromide (CTAB, Sigma)
was dissolved in 40 ml (1:1 H2O/ethanol), then 1 ml ammonia solution
(28%)was added. In solution B, previous silica coated Fe3O4 nanoparticles
were dispersed into 90 ml (2:1 H2O/ethanol) by ultrasonication for 15
min. Thereafter, solution A was added to B with stirring for 10 min, then
0.6 ml TEOS was added drop wisely with stirring for 4 h. After the end
of the reaction, nanoparticles were washed twice with ethanol and once
with water [17].
2.7. Functionalized magnetic silica core/shell nanospheres
To have amino (NH2) function group anchored within
mesoporous silica shell (mag@d-SiO2@m-SiO2-NH2), 0.2 ml of APMS
(3-Aminopropyltriethoxysilane, Sigma) was co-added with TEOS in
the reaction described above [20]. After the end of the reaction, the
nanoparticleswerewashed twicewith ethanol and oncewith deionized
water. In addition, to investigate the effect of surfactant type that can in
turn affect pore size, anionic rather than cationic surfactant has been
implemented to construct amino functionalized mesoporous silica
shell. Mesoporous silica shell constructed by anionic surfactant usually
contains NH2 groups due the presence of co-structure directing agent
(APMS) that assist the electrostatic interaction between negatively
charged silica layer and the negatively charged surfactant molecules.
NH2-functionalized magnetic core@dense SiO2@mesoporous SiO2 shell
(mag@d-SiO2@m-SiO2-NH2) nanoparticles were prepared using
anionic surfactant as follows. Previous dense silica coated magnetic
nanoparticles were dispersed in 50 ml of H2O by ultrasonication for
10 min. Thereafter, 0.10 ml of 3-aminopropyltrimethoxysilane,
1.4667 g of N-lauroylsarcosine sodium (acidiﬁed solution with 4 ml
0.1 M HCl, Sigma) and 0.6 ml of TEOS were added respectively to
the reaction mixture with subsequent stirring for 4 h. After the end
of reaction, sample was washed twice with ethanol and once with
water.
To have ethane function group (as hydrophobic function group)
anchored within mesoporous shell (mag@d-SiO2@m-SiO2-C2H5), 0.2 ml
of 1,2-bis(trimethoxysilyl)ethane (BTME, Sigma) was co-added with
TEOS. After the end of the reaction, nanoparticles were washed twice
with ethanol and once with deionized water [21].
2.8. Solvent extraction
To maintain the presence of function groups within the silica
mesopores, the surfactantmoleculeswere removed by solvent extraction
technique [22]. For cationic surfactant (CTAB) based samples, the ﬁnal
powder was dispersed in 60 ml of NH4NO3/ethanol solution (6 g/L) and
reﬂuxed for 1 h at room temperature. This extraction process was
repeated twice. For anionic surfactant based samples, the ﬁnal
powder was dispersed in ammonium acetate (8.01 g) in 100 ml
(4:1 ethanol: H2O) and reﬂuxed at 90°C for 12 h [23].
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The transmission electron microscopy (TEM) images of the
functionalized and non-functionalized magnetic silica core/shell
nanospheres were obtained using a JEOL JSM-2100F electron
microscope (Japan) operated at 200 kV. The powder X-ray
diffraction (XRD) patterns of the nanoparticles were recorded on
a PANalytical X'Pert PRO MPD (Netherlands) with Ni-ﬁltered Cu
Kα radiation (45 kV, 40 mA). The nitrogen sorption isotherms were
measured at 77 K with a Quantachrome NOVA 4200 analyser (USA).
The Brunauer–Emmett–Teller (BET) method was utilized to calculate
the speciﬁc surface of the nanoparticle areas using adsorption data at
the relative pressure range from 0.02 to 0.20. By using the
Barrett–Joyner–Halenda (BJH) model, the pore volumes and size
distributions of the nanoparticles were derived from the
adsorption branches of isotherms, and the total pore volumes
(Vt) were estimated from the adsorbed amount at a relative
pressure P/P0 of 0.995. The Fourier transform infrared (FT-IR)
spectra were recorded using a Bruker Vertex-80 spectrometer.
Magnetic characterization of nanoparticles was carried out on a
superconducting quantum interference device (SQUID)magnetometer.Fig. 2. TEM images ofmesoporous silica coatedmagnetic core@dense SiO2 (mag@d-SiO2@
m-SiO2) prepared with cationic surfactant functionalized with (a) no group, (b) NH2,
(c) ethane group and (d) prepared with anionic surfactant functionalized with NH2.2.10. CGTase immobilization
The partially puriﬁed Amphibacillus sp. NPST-10 CGTase was
immobilized onto the synthesized non-functionalized and functionalized
magnetic double mesoporous core–shell silica nanospheres by physical
adsorption and covalent attachment (Fig. 1).2.11. Physical adsorption
Four materials (numbers 1, 2, 2a, 3), without any activation, were
used for CGTase immobilization by physical adsorption including:
mag@d-SiO2@m-SiO2 (Fig. 1, no. 1), mag@d-SiO2@m-SiO2-NH2
prepared using anionic or cationic surfactants (Fig. 1, no. 2), and
mag@d-SiO2@m-SiO2-C2H5 (Fig. 1, no. 3). Brieﬂy, 50 mg of various
nanoparticles was suspended in 1 ml of 50 mM glycine buffer (pH 8)
containing the puriﬁed CGTase, and maintained overnight at 4°C with
gentle shaking. The CGTase bound to various nanoparticleswas recovered
bymagnetic separation, washed twice with glycine buffer (50mM, pH 8)
to remove the unbound CGTase, and the washed solution was collected
[24,25].Fig. 3. X-ray diffraction of mesoporous silica coated magnetic core@dense SiO2
(mag@d-SiO2@m-SiO2) prepared with cationic surfactant functionalized with (a)
no group, (b) NH2, (c) ethane group and (d) prepared with anionic surfactant
functionalized with NH2.2.12. Covalent attachment
The puriﬁed CGTase was covalently immobilized onto the
amino functionalized silica coated magnetic nanoparticles
(mag@d-SiO2@m-SiO2-NH2), prepared using either anionic or cationic
surfactant. First, the support (Fig. 1, no. 2)was activated by glutaraldehyde
(OCHCH2CH2CHO) as bifunctional cross linker agent, followed by
coupling of partially puriﬁed CGTase to the activated nanoparticles
(Fig. 1), [6,20,26]. Brieﬂy, 50 mg of magnetic support was suspended
in 10 ml of glutaraldehyde solution (2%, v/v, Sigma), prepared in
distilled water, and the mixture was incubated for 2 h at room
temperature with stirring. Then, the activated support was collected
from the solution using an external magnetic ﬁeld, and rinsed several
times with distilled water to remove the excess glutaraldehyde.
Thereafter, the activated nanoparticles were re-suspended in 1 ml
of 50 mM glycine buffer (pH 8) containing the puriﬁed CGTase and
maintained overnight at 4°C with gentle shaking. CGTase bound
nanoparticles were recovered by magnetic separation, and washed
twice with glycine buffer (50 mM, pH 8) to remove the unbound
CGTase, and the washed solution was collected.2.13. Immobilization yield and efﬁciency
The amount of protein in the free enzyme and washed solution was
determined using Bradford method using bovine serum albumin a
standard protein [27]. The amount of immobilized CGTase on the
nanoparticles was calculated by subtracting the amount protein
recovered in the supernatant (washed solution) from the amount
of protein subjected to immobilization. The loading efﬁciency was
calculated according to the following equation [26]: loading efﬁciency=
[(Pi − Punb) / Pi] × 100, where Pi and Punb are the initial protein
subjected to immobilization, and the unbound protein, respectively.
The CGTase activity of the free enzyme, immobilized enzyme, and
unbound enzyme was measured as described below. Immobilization
and activity yields were calculated according to the following equations:
immobilization yield (%) = [(A − B) / A] × 100, where A is the total
activity of the enzyme added in the initial immobilization solution and
B is the activity of the unbound CGTase. Activity yield = (C / A) × 100,
where A is the total activity of the enzyme added in the initial
immobilization solution, and C is activity of the immobilized
CGTase [26].
Fig. 4. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of mesoporous silica coated magnetic core@dense SiO2 (mag@d-SiO2@m-SiO2) prepared with cationic
surfactant functionalized with 'a' no group; 'b' NH2; 'c' ethane group; and 'd' prepared with anionic surfactant functionalized with NH2.
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The CGTase activity of the free and immobilized enzyme was
measured as the β-CD forming activity in accordance with previously
described methods [19,28], with some modiﬁcations. Brieﬂy, 1.5 ml of
1% (w/v) starch solution prepared in glycine buffer (50 mM, pH 8) was
pre-incubated at 50°C for 5min. Next, 200 μl of the free enzyme samples
or 50 mg of immobilized CGTase was added to the reaction mixture and
after incubating for 20 min at 50°C, the reaction was quenched by the
addition of 750 μl of 0.15 M NaOH. Subsequently, 200 μl of 0.02% (w/v)
phenolphthalein solution prepared in 5 mM Na2CO3 was added,
maintained at room temperature for 15 min, and the color intensity
was measured at 550 nm. A unit of CGTase activity was deﬁned as the
amount of enzyme releasing 1 μM of β-CD per min under the
deﬁned assay conditions. A calibration curve was generated using
0.001–0.5 μM of β-CD prepared in 50 mM glycine buffer (pH 8).
2.15. Properties of the immobilized CGTase
2.15.1. Effect of temperature
The effect of temperature on activity of the free and immobilized
CGTase was determined by measuring the enzyme activity at various
temperatures ranging from 30°C to 75°C under standard assay
conditions. For determination of the CGTase thermal stability, the
free and immobilized enzymes prepared in 50 mM glycine buffer
(pH 8) were incubated at different temperatures (35–75°C) for
1 h in a shaking water bath. Then, the reaction mixtures were
cooled immediately in an ice bath, and the residual enzyme
activities were determined under the standard assay conditions.
The residual activity of the free and immobilized CGTase was
calculated and compared with the untreated samples. All experiments
and enzyme assays were performed in triplicate and the mean values
were recorded.
2.15.2. Effect of pH
The inﬂuence of pH on the CGTase activity was established by the
determination of the activity of the free and immobilized CGTase atTable 1
Textural properties of magnetic core@ dense SiO2@ mesoporous SiO2 shell nanoparticles
with different functionalizations.










mag@d-Si@m-SiO2-C2H5 0.2229 137.95 33
mag@d-Si@m-SiO2-NH2
(anionic)
0.2167 259.62 31various pH using suitable buffers including 50 mM sodium acetate
(pH 5.0 and 6.0), 50mMTris–HCl (pH 7.0 and 8.0), 50mMglycine–NaOH
buffer (9.0 and 10.0) and 50 mM carbonate–bicarbonate buffer (pH 11.0
and 12.0). Furthermore, the pH stability of the free and immobilized
CGTase was investigated by incubating the enzyme samples in buffers
at the different pH for 3 h at room temperature, and the residual activity
of the enzymes was assayed under standard assay conditions. All
experiments and enzyme assays were performed in triplicate and the
mean values were reported.
2.15.3. Operational stability
The operational stability of the immobilized CGTase was evaluated
in successive batches using 2 ml of the standard assay mixture. The
reactionmixture containing the immobilizedwas incubated in a shaking
water bath (120 rpm) and 45°C for 20 min. At the end of each batch,
immobilized enzyme was separated from the reaction mixture using
an external magnetic ﬁeld, washed with glycine buffer (50 mM, pH 8),
to remove any substrate or products remaining in the nanoparticles,
and resuspended in a freshly prepared substrate solution to restart a
new cycle. The activity was estimated at the end of each cycle as
described above, and the residual activity was calculated and expressed
relative to the initial CGTase activity.
3. Results and discussion
3.1. Characterization of magnetic double mesoporous core–shell silica
nanospheres
Magnetite (Fe3O4) nanoparticles were ﬁrst prepared by the
solvothermal synthesis reaction. Then, to fabricate functionalized
mesoporous silica shell onto magnetic Fe3O4 nanoparticle, ﬁrst Fe3O4
was coated with a thin dense silica layer of desired thickness, in order
to protect the iron oxide core from leaching into the mother systemFig. 5. Room-temperature magnetization curve for (a) Fe3O4 and (b) silica coated Fe3O4
and (c) mesoporous silica coated magnetic core@dense SiO2 functionalized with NH2.
Fig. 6. FT-IR spectra formesoporous silica coatedmagnetic core@dense SiO2 preparedwith cationic surfactant functionalizedwith (a)NH2, (b) ethane group and (c) preparedwith anionic
surfactant functionalized with NH2 extracted from the adsorption branch.
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functionalized and non-functionalized mesoporous silica layer. TEM
images of mag@d-SiO2@m-SiO2 with different functionalizations
are shown in Fig. 2. It is clear that magnetic dense/mesoporous
core–shell structures were developed. Magnetic nanoparticles
(dark nanoparticles) can be seen coated with two layers, the ﬁrst
layer is the dense silica layer surrounding the Fe3O4 nanoparticles.
The second layer is mesoporous silica that functionalized with (a) no
group, (b) NH2, synthesized using cationic surfactant, (c) ethane
group, and (d) NH2, synthesized using anionic surfactant, where the
mesoporous shell thicknesses were 33, 12, 33 and 31 nm, respectively.
The X-ray diffraction patterns of mag@d-SiO2@m-SiO2 with different
functionalizations are shown in Fig. 3. All peaks were well indexed
as spinel magnetite which are in good agreement with the standard
literature data (JCPDF card number: 86-1354) [29]. These sharp
diffraction peaks clearly revealed that the spinel magnetite
product is well deﬁned crystallites. In addition, no impurity
diffraction peaks were detected, suggesting the pure phase of the
synthesized magnetite nanoparticles. After different functionalizations
of mesoporous silica shell, the XRD patterns exhibited similar
diffraction peaks that do not undergo any notable change, suggesting
that the magnetite structure was retained [29].
Nitrogen adsorption/desorption isotherms measured at 77 K for the
calcined mag@d-SiO2@m-SiO2 samples with different function groups
are shown in Fig. 4a. The isotherms exhibited the type IV curves,
which are characteristic of uniform mesoporous materials [22,23]. The
textural properties, total surface area (according to BET theory), and
total pore volume of mag@d-SiO2@m-SiO2 were superior in case of
cationic surfactant without function group and anionic one (Fig. 4a).
As shown in Table 1, functionalization of mesoporous silica layer with
ethane group caused signiﬁcant reduction of its surface area, which
can be attributed to existence of anchored ethane group that caused
some blockage of its surface area. Furthermore, functionalization with
NH2 groups using APMS resulted in pronounced loss of both surface
area and porosity. Addition of basic APTES caused an increase of the
pH value, that speed up the hydrolysis–condensation rates of
alkoxysilane that caused the formation of secondary silica nuclei instead
of primary mesoporous silica shell that ﬁnally lead to formation ofTable 2
CGTase immobilization on various magnetic double mesoporous core–shell silica nanospheres
Materials Immobilization method
mag@d-Si@m-SiO2 Physical adsorption
mag@d-Si@m-SiO2-NH2 (cationic) Physical adsorption
mag@d-Si@m-SiO2-C2H5 Physical adsorption
mag@d-Si@m-SiO2-NH2 (anionic) Physical adsorption
Activated mag@d-Si@m-SiO2-NH2 (cationic) Covalent attachment
Activated mag@d-Si@m-SiO2-NH2 (anionic) Covalent attachmentporous shell with low thickness (12 nm), [30]. On the other hand,
pore size distribution analysis (Fig. 4b) showed narrow
distribution with pore radius around 3.8 nm upon synthesizing
mag@d-SiO2@m-SiO2 with CTAB and without any functionalization.
Upon surface functionalization using APMS, it was clear that pore size
centered on 3.8 nm with reduction of the porosity due to suppression
of silica shell thickness (12 nm). Implementation of BTME to impart
hydrophobicity to mesoporous shell by anchoring ethane groups
caused the pore size to be quite broad that indicate the presence of
some bigger pores together with main pore size of 3.8. Finally, using
anionic surfactant resulted in formation of narrowpore size distribution
that was centered on 3.6 nm (Fig. 4b).
The magnetic properties of Fe3O4 samples were measured on the
superconducting quantum interference device (SQUID) magnetometer.
As shown in Fig. 5, themagnetic saturation value for non-coated Fe3O4 is
83 emu/g. After dense silica coating process, the magnetite saturation
decreased to 60 emu/g. Further decrease in the magnetization
saturation to 43 emu/g was noticed after functionalized mesoporous
shell formation. The gradual loss of magnetization strength with dense
and mesoporous shell formation step can be attributed to shielding
effectof silica layer [31]. However, it had no signiﬁcant effect on the
magnetic separability of the nanoparticles from the bulk solution.
Furthermore, FT-IR measurements have been conducted to conﬁrm
silica coating for Fe3O4 and functionalization of mesoporous silica
coated Fe3O4. As shown in Fig. 6, Fe3O4 nanoparticles showed a strong
absorption bands at 580 cm-1 that corresponds to Fe\O vibrations of
the magnetite core [32]. Upon silica coating of Fe3O4, Si–O peak can be
seen formed at 1050–1250 cm-1. The Fe–O–Si peak that refer
for chemical binding between Fe3O4 and silica, cannot be seen in the
FT-IR spectrum because it appears at around 584 cm-1 and therefore
overlaps with the Fe\O vibration of magnetite nanoparticles [32].
However, the co-existence of peaks characteristics for Fe3O4 and silica
together indicates the silica coating for Fe3O4 [33]. On the other hand,
APMS functionalization for magnetic core@dense SiO2@mesoporous
SiO2 can be elucidated from the existence of N–H peak at 1637 cm-1.
Moreover, OCH2CH3 and C\H stretching vibrations peaks that
appeared at 2930 and 2862 cm-1 provide further evidence for APMS













Fig. 8. FTIR spectra of (a) Free CGTase enzyme, and (b) CGTase immobilized on activated
mag@d-Si@m-SiO2-NH2.
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1,2-bis(trimethoxysilyl)ethane (BTME), the ethane group can be seen
at 1415 cm-1 (Fig. 6b), indicating their presence within mesoporous
silica shell [22]. Furthermore, upon mesoporous shell synthesis using
anionic surfactant that contains NH2 group due to the usage of APMS
as co-structure directing agent resulted in the appearance of N–H peak
at 1637 cm-1 together with some remaining OCH2CH3 and C\H
stretching vibrations peaks that appeared at 2930 and 2862 cm-1 from
APMS.
3.2. CGTase immobilization
Immobilization of CGTase onto the synthesized magnetic double
mesoporous core–shell silica nanospheres (mag@d-SiO2@m-SiO2) was
performed by two different methods: physical adsorption and covalent
attachment. Enzyme immobilization by physical adsorption was
carried out using four synthesized magnetic double mesoporous
core–shell silica nanospheres, without any activation, including
mag@d-SiO2@m-SiO2 (Fig. 1, no. 1), mag@d-SiO2@m-SiO2-NH2
prepared using anionic or cationic surfactants (Fig. 1, no. 2),
and mag@d-SiO2@m-SiO2-C2H5 (Fig. 1, no. 3). To induce CGTase
immobilization by covalent attachment to amino functionalized
double mesoporous core–shell silica nanoparticles, the free amino
groups (\NH2) lying within the silica shell was further activated
by glutaraldehyde as a bifunctional crosslinker (Fig. 1, no. 2). In which,
the free amino groups of mag@d-Si@m-SiO2-NH2 reacts with terminal
aldehyde groups of glutaraldehyde to form a Schiff-base linkage and
provides a free terminal aldehyde, which can be then condensed with
free amino groups in CGTase molecule to form a second Schiff-base
[20,34,35,36].
The results shown in Table 2 indicated that Amphibacillus sp. NPST-10
CGTase was successfully immobilized on various magnetic double
mesoporous core–shell silica nanospheres, either by physical adsorption
or covalent attachment. However, CGTase immobilization by covalent
attachment showed higher immobilization yield and loading efﬁciency
compared to enzyme immobilization by physical adsorption. CGTase
adsorption onto the hydrophobic mag@d-SiO2@m-SiO2-C2H5
nanospheres showed the lowest immobilization yield (5.9%) and
loading efﬁciency (5.2%), suggesting the low hydrophobicity of
CGTase molecule [24]. In addition, the low immobilization yield
of CGTase onto mag@d-SiO2@m-SiO2 and mag@d-Si@m-SiO2-NH2
by physical adsorption is mostly attributed to low electrostatic
interaction between the enzyme and these materials [15].
mag@d-SiO2@m-SiO2-NH2 prepared using anionic surfactant wasFig. 7.Magnetic separation of CGTase covalently immobilized onmag@d-Si@m-SiO2-NH2
using an external magnetic ﬁeld.superior for CGTase immobilization compared to that prepared using
cationic surfactant, with immobilization yield of 98.1% and 42.2%; and
loading efﬁciency of 96.2% and 75.5%, respectively (Table 2). This
can be attributed to the higher shell thickness (31 nm) and surface
area (259.62 cm2 g-1) of mag@d-SiO2@m-SiO2-NH2 prepared using
anionic surfactant compared to that prepared using cationic surfactant
that showed less shell thickness and surface area of 12 nm and
16.280 cm2 g-1, respectively (Table 1). Which in turn resulted in higher
amino groups available for CGTase in SiO2@m-SiO2-NH2 prepared using
anionic surfactant than that prepared using cationic surfactant.
CGTase immobilized by physical adsorption, either by weak
hydrophobic or by electrostatic interactions can be easily washed
out from the carrier and hence resulted in low immobilization
yield and loading efﬁciency [15,24]. However, when CGTase
molecule was immobilized on to the activated carrier by covalent
bond, it was strongly attached to the support through glutaraldehyde
as cross linker, and hence showed higher immobilization yield and
loading efﬁciency. Thus, the covalent attachment was more effective
for Amphibacillus sp. NPST-10 CGTase immobilization onto magnetic
functionalized double mesoporous core-shell silica nanospheres than
physical adsorption and was used for further investigation. As shown
in Fig. 7, CGTase immobilized on activated mag@d-Si@m-SiO2-NH2
could be easily separated from the bulk solution using an external
magnetic ﬁeld that allows convenient separation for reusing of the
immobilized enzyme in bioprocess for cyclodextrins production.
FT-IR measurements have been conducted to conﬁrm the
immobilization of CGTase on the surface of mag@d-Si@m-SiO2-NH2
(Fig. 8). CGTase enzyme has characteristic peaks at 1400 cm-1 for
carboxylic (COO) bond [37] and another peak at 1640 cm-1 that it
could be either NH or OH bond. The binding of enzyme (CGTase) to
magnetic core–mesoporous shell nanoparticles prepared using
anionic and cationic surfactant was conﬁrmed from the appearanceFig. 9. Effect of the initial amount of CGTase on the binding and activity of immobilized
enzyme. Results represent the mean of three separate experiments, and error bars are
indicated.
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characteristics for amino functionalized magnetic core-mesoporous
shell nanoparticles.3.3. Loading efﬁciency of the mag@d-SiO2@m-SiO2-NH2 nanoparticles
The loading efﬁciency of amino functionalized double mesoporous
core–shell silica nanospheres (mag@d-SiO2@m-SiO2-NH2), prepared
using anionic surfactant, was determined by immobilization of different
amounts of CGTase ranged from 1000 to 2500 μg protein onto 10 mg of
activated nanospheres. The results illustrated in Fig. 9 showed that the
amount of the loaded enzyme increased with increasing the initial
CGTase amount showing maximum value of 58 μg protein/mg carrier,
and remained constant even by increasing of the enzyme amount up
to 250 μg/mg carrier. This loading capacity of CGTase on activated
mag@d-SiO2@m-SiO2-NH2 nanospheres is one of the highest values
obtained for CGTase immobilization so far [10,26,38,39]. On the other
hand, as shown in Fig. 9 the total activity of the immobilized enzyme
was increased with increasing of the CGTase up to 60 μg of protein
content. Further increase of enzyme concentration led to slight decrease
in total activity of the immobilized CGTase, which is likely owing to
steric hindrance of CGTase molecules in the silica surface [26,39]. The
high immobilization yield, loading efﬁciency, activity yield of the
activated mag@d-SiO2@m-SiO2-NH2 is mostly due to high surface area
of the nanospheres (16.28 cm2 g-1) available for enzyme attachment,
and amino functionalization of silica shell using in situ functionalization
rather than post synthesis process, which led to incorporation of higher
density of free amino groups available for activation and subsequently
enzyme immobilization [17,20,40].Fig. 11. Effect of temperature on the activity (a) and stability (b) of free and immobilized
CGTase. Results represent the mean of three separate experiments, and error bars are
indicated.
Fig. 10. Effect of pH on the activity (a) and stability (b) of free and immobilized CGTase.
Results represent the mean of three separate experiments, and error bars are indicated.3.4. Properties of the immobilized CGTase
3.4.1. Effect of pH
The optimum pH for the free and immobilized CGTase was
determined by measurement of the enzyme activity at varying pH
values ranging from pH 5.0 to 12.0 at 50°C, under the standard
assay conditions. As shown in Fig. 10a, the optimum pH of the
immobilized CGTase was shifted from pH 8 for free CGTase to
pH 8.5 for immobilized enzyme. In addition, a signiﬁcant increase
of the relative activity of the immobilized CGTase compared to
free enzyme was observed, particularly at high pH values. Generally,
the optimum pH value of an immobilized enzyme can shift to a higherFig. 12. Reusability of CGTase immobilized on mag@d-SiO2@m-SiO2-NH2 nanospheres.
Results represent the mean of three separate experiments, and error bars are indicated.
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(28,42) [24,41]. Similar behavior was reported by Song et al. [26]
where optimal pH of immobilized superoxide dismutase was higher
than free enzyme. However, the pH/activity proﬁle of immobilized
chitosanase was shifted toward acidic value [42]. For evaluation of the
pH stability of CGTase, the free and immobilized enzyme was incubated
for 3 h at varying pH values (pH 5.0 to 12.0) at room temperature.
The results shown in Fig. 10b indicated that while free CGTase retained
77–87% of the initial enzyme activity at pH 6–10, immobilized CGTase
retained 90–94%, indicating the signiﬁcant enhancement of the
pH stability of CGTase up on immobilization onto the activated
amino functionalized magnetic double mesoporous core–shell silica
nanospheres. This result is likely owing to the stabilization of the
immobilized CGTase via multipoint attachment in the silica shell
in addition to protection of the immobilized enzyme within the
mesoporous silica shell nanopores [7].
3.4.2. Effect of temperature
The effect of temperature (30–70°C) on the catalytic activity of
the free and immobilized CGTase is shown in Fig. 11a. The results
indicated that the optimal temperature for the free CGTase activity
was 50°C, whereas the optimal temperature for the immobilized
enzyme was 50–55°C. In addition, the immobilized enzyme showed
higher relative activities than free enzyme, particularly at high
temperature (55–70°C). Investigation of the thermal stability
demonstrated that the residual activity of the immobilized CGTase,
after treatment at 60–70°C for 1 h, was higher than the free enzyme
by about 1.1–1.1.9 fold (Fig. 11a), indicating signiﬁcant improvement in
the thermal stability of the CGTase up on immobilization on to the
mag@d-SiO2@m-SiO2-NH2. Enhancement of the thermal stability of
the immobilized CGTase is probably due to covalent conjugation of
the enzymemoleculewithin themag@d-SiO2@m-SiO2-NH2nanospheres,
which increase the rigidity of the enzyme three-dimensional structure
and, hence, protect the immobilized CGTase against thermal denaturation
[7,10,39].
3.4.3. Operational stability
The operational stability of the immobilized enzymes is one of the
most important factors affecting the utilization of an immobilized
enzyme system in industrial bioprocess. The results illustrated in
Fig. 12 demonstrated that the immobilized CGTase could retain up to
86% and 56.3% of the initial activity after reutilizations for ﬁve and ten
successive reactions, respectively; indicating that immobilized CGTase
within mag@d-SiO2@m-SiO2-NH2 nanospheres had good operational
stability for industrial bioprocess.
4. Concluding remarks
Non-functionalized and functionalized magnetic double mesoporous
core–shell silica nanospheres were successfully synthesized and
characterized, and were ﬁrst used as carriers for Amphibacillus sp.
NPST-10 CGTase immobilization. Comparison of CGTase immobilization
by physical adsorption and covalent attachment indicated that
CGTase immobilization using covalent attachment onto the activated
mag@d-SiO2@m-SiO2-NH2 was the most effective and showed one of
the highest immobilization yields and loading efﬁciencies reported
so far for CGTase. In addition, the immobilized CGTase can be easily
recovered using an externalmagneticﬁeld. Immobilized CGTase showed
signiﬁcant improvement of thermal and pH of stability upon
immobilization. Furthermore, the immobilized CGTase exhibited
good operational stability, retaining 86% and 56.3% of the initial
activity after reutilizations for ﬁve and ten successive reactions,
respectively. The applied nano-structured carriers and immobilization
protocol are promising approach for industrial bioprocess for production
of cyclodextrins using immobilized CGTase.Conﬂict of Interest
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